Abstract-During morphogenesis, the shape of a tissue emerges from collective cellular behaviors, which are in part regulated by mechanical and biochemical interactions between cells. Quantification of force and stress is therefore necessary to analyze the mechanisms controlling tissue morphogenesis. Recently, a mechanical measurement method based on force inference from cell shapes and connectivity has been developed. It is non-invasive, and can provide space-time maps of force and stress within an epithelial tissue, up to prefactors. We previously performed a comparative study of three forceinference methods, which differ in their approach of treating indefiniteness in an inverse problem between cell shapes and forces. In the present study, to further validate and compare the three force inference methods, we tested their robustness by measuring temporal fluctuation of estimated forces. Quantitative data of cell-level dynamics in a developing tissue suggests that variation of forces and stress will remain small within a short period of time (∼minutes). Here, we showed that celljunction tensions and global stress inferred by the Bayesian force inference method varied less with time than those inferred by the method that estimates only tension. In contrast, the amplitude of temporal fluctuations of estimated cell pressures differs less between different methods. Altogether, the present study strengthens the validity and robustness of the Bayesian force-inference method.
I. INTRODUCTION
Epithelial tissue morphogenesis is regulated in part by forces acting along the plane of the adherens junction, i.e., tension that shortens a cell contact surface and pressure that counteracts the tension to maintain the size of a cell ( Fig.  1(a) ,(b)) [1] - [7] . Space-time maps of cell-junction tension, cell pressure, and tissue stress are therefore among the key aspects of physical information required to understand biomechanical control of morphogenesis. In vivo mechanical measurement methods have already been reported [8] - [11] . Recently, methods based on force inference [12] - [15] have been developed, which offer cell-level resolution, and are both non-invasive and global. They rely upon segmented images, i.e. images wherein the cell contours and vertices have been recognized. Deviations from 120
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We previously performed a comparative study of three force-inference methods, which differ in their treatment of the indefiniteness in an inverse problem between cell shapes and forces (Sect. II-B) [16] . The first method (ST) estimates only tensions, and all the cell pressures are assumed to be the same. The second method (SP) estimates only cell pressures under the assumption of uniform tensions. Such assumptions decrease the number of unknowns (cell junction tensions or cell pressures) so that the first two methods treat overdetermined problems. The third method (STP) treats the ill-conditioned problem and simultaneously estimates both tensions and pressures by employing Bayesian statistics with a prior function representing positive tensions [15] . Our results using different datasets consistently indicate that the Bayesian force inference (STP) performs best in terms of accuracy and robustness against image processing error [16] . In the present study, we performed another comparative test by measuring temporal fluctuation of forces in the Drosophila wing. Based on the results of this study, we will discuss the respective robustness of the three force-inference methods.
II. METHODS

A. Image acquisition and analysis
Preparation of samples of Drosophila pupal wing for image collection was conducted as previously described in [15] . Experiments were carried at 25.5 hr and 31 hr after puparium formation (APF). To highlight the shape of the cell at the level of the adherens junction, DECadherin (DECad)-GFP [17] was used ( Fig. 1(c) ). Images (512 x 512 pixels; 0.188 pixel/µm) were acquired at 30 second interval for 10 minutes at 25
• C using an inverted confocal microscope (A1R; Nikon) equipped with an 60x/NA1.2 Plan Apochromat water-immersion objective. We segmented images by using custom-made macros and plug-ins in ImageJ. We manually corrected the skeletonized pattern when necessary. A sample shown in Fig 
B. Outline of force estimation methods to be tested
Here, we briefly outline how one infers forces and stress from patterns of epithelial cell shapes and their connectivity, as already reported in detail in [14] - [16] .
An epithelial cell sheet is approximated by a twodimensional polygonal tile, and pressures of individual cells and tensions on the cell contact surfaces are assigned as unknown variables to be inferred, as P = (P 1 , · · · , P N ) and Fig. 1(b) ; N and M are numbers of cells and cell contact surfaces in the provided image). At each vertex, force balance is a linear equation
with the unknown variables X = (T, P). In the equation, A is an n×m matrix determined only from the observed geometry of the cell, where n and m signify the number of balance equations and unknown variables, respectively. Cells are assumed to change their shapes quasi-statically, and possible drag forces are ignored. In the method, forces are estimated up to a scaling factor (they are normalized so that the mean value of tensions is unity). This problem is underdetermined (n < m). Since force balance equations are invariant under a variation of (constant) hydrostatic pressure, the method infers only the difference of pressures (∆P) among cells. In what follows, we thus redefine X as = (T, ∆P). Indefiniteness results from boundary conditions and from the presence of four-fold vertices, and can be managed in the general framework of inverse problem. The most likely solution X can be uniquely determined from Eq. 1 in conjunction with prior knowledge of mechanical properties of the system. As described below, there are several possible ways to manage the indefiniteness that should be comparatively evaluated. We tested three types of force-inference methods [16] . We have called them ST, SP and STP, where the "S" stands for "straight" edges (curvatures are neglected and cells are treated as polygons); "T" and "P" mean that tensions and pressures are unknown, respectively.
ST: The first method ST assumes that the difference in pressures among cells is negligible (∆P i = 0), thus estimates only tensions (T) [14] .
SP: The second method SP assumes that all tensions are uniform i.e., T j = 1. SP estimates only the difference of pressures among cells (∆P).
STP: The third method STP is Bayesian Maximum A Posteriori (MAP) inference [18] . Since laser severing experiments indicate that tensions are usually constricting in epithelial tissues [5] , [8] , we use as a prior a Gaussian distribution of tensions T j around a positive value [15] . Briefly, pressures and tensions are determined by minimizing the function
with T 0 = 1. With use of Bayesian statistics, the weight of the second term, µ, can be objectively determined by maximizing marginal likelihood function [18] , [19] .
C. Global stress
Summing the estimates of T and ∆P over the epithelium, one can deduce global stress according to Batchelor's formula [15] , [20] :
where I is the two-dimensional identity tensor, the vectors r j span the j-th cell edge, and A ≡ i A i is the total area of the epithelial domain.
III. RESULTS
The robustness of force-inference methods may be tested by several procedures. In [15] , [16] , we performed the following two tests, at a given fixed time: (i) Randomly delete small fraction of edges from a segmented image and measure the variance of global tissue stress; (ii) Add noise to all extracted positions of vertices and measure the variance of cell junction tension, cell pressure, and global tissue stress. Here, we quantified the fluctuations of estimated forces and stress in time. If the time interval between successive images is short compared with the time scale of cell-level morphogenetic processes such as cell growth, cell division, and cell rearrangement, variation of actual forces and stress are expected to be small.
To perform this latter test, we used images of Drosophila pupal wing. During pupal development, wing cells undergo cell divisions, and the initial, nearly isotropic morphology of wing cells becomes elongated (15-24 hr APF). After that, the bias in the lengths of the edges exhibits a moderate decrease and the fraction of hexagonal cells increases through cell rearrangements (24-32 hr APF). We analyzed images that were acquired at 30 second interval for 10 minutes at 25.5 hr and 31 hr APF. Quantitative data of cell-level dynamics in the wing suggests that forces change significantly over hours [6] . We expect that average forces barely change over time-scale of minutes. Fig. 2(a) and (b) show the maps of estimated tensions in the wing at 25.5 hr APF, where tension values are indicated by a color scale (movies files can be downloaded from http:// koolau.info/movies/EMBC2013.zip). As reported in [16] , maps of tensions obtained by ST showed "patches" (distinct regions where the tension seems locally uniform), and the position of patches varies among successive images ( Fig. 2(a) ). In contrast, maps of tensions estimated by using STP were relatively constant with time ( Fig. 2(b) ). Single edge tracking analysis confirmed that tensions estimated by STP fluctuated less than those estimated by ST (Fig. 3(a) and (b); see large jumps and drops in Fig. 3(a) ). The difference of pressures among cells obtained using STP is color-coded in Fig. 2(c) . The pressure map obtained using SP was similar to that obtained using STP (not shown) [16] . As clearly seen from Fig. 3(c) , there is no drift of pressures in time. The standard deviation of ∆P among 20 time points for data shown in Fig. 3(c) were 0.011 in SP, and 0.017 in STP. These values were smaller than the dispersion of the data at each time point (0.045 in SP and 0.05 in STP for all inner cells).
Finally, we evaluated global stress, which can be deduced by integrating tensions and pressures (Eq. 3). The normal stress difference σ A ≡ (σ yy − σ xx ) was used previously [16] to cross-validate the Bayesian force inference with largescale tissue ablation [9] . It is independent of the (undetermined) value of the hydrostatic pressure, and characterizes the anisotropy of stress. We found that the deviation of σ A was larger in ST than in SP and STP (Fig. 4) . The standard deviations of σ A among 20 time points were 3.5 × 10 −3 in ST, 1.3×10 −3 in SP, and 1.5×10 −3 in STP in time sequence of images of 25.5 hr APF (solid lines in Fig. 4) . These values were 3.5 × 10 −3 in ST, 1.6 × 10 −3 in SP, and 2.1 × 10 −3 in STP in data of 31 hr APF (dotted lines in Fig. 4 ).
IV. DISCUSSION
In the present study, we quantified the temporal fluctuations of forces and stress in order to test the robustness of three force-inference methods (ST, SP, and STP). Our data indicated that within the time scale of movies analyzed, tensions and global stress obtained using STP vary less than those obtained by using ST. The appearance of "patches" in a map of tensions (i.e., long-wavelength mode) resulted in the large fluctuation in ST. In contrast, the prior in STP works as the "regularization term' to avoid over-fitting by eliminating the long-wavelength mode, which makes STP more robust (see Discussion of [16] ). Somewhat counter-intuitively, the solution of the underdetermined method (STP) is more robust than that of the overdetermined one (ST). STP and ST agree in the determination of stress in Fig. 4 , STP being more robust. Then SP may underestimate it. This is because stronger tensions on the proximal-distal edges of the wing [6] , [15] were not incorporated in SP.
In conclusion, the results of this and our recent work [16] showed that robustness and accuracy of estimation are optimal in the Bayesian force inference method (STP).
